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Overview

e Optics (work begun while with the POINTS team at the
Smithsonian Astrophysical Observatory)

= RayTrace (numerical ray tracing)

= AESOP (symbolic ray tracing)
= FAME

e Dynamics (Chaotic Motion in the Solar System)
= Quter asteroid belt - Lyapunov exponent relation

= Dynamics from a Riemannian geometry perspective

= Newcomb - a new Solar System ephemeris program
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What is AESOP?

e AESOP = An Extensible Symbolic Optics Package

e AESORP is a suite of procedures, written in the Maple
programming language, for performing symbolic ray
tracing of optical systems.

o Uses geometric optics (i.e., no diffractive propagation).

o Useful for:
= small optical element misalignments or other perturbations
= ray and aperture-averaged path length variations
= perturbed wavefront analysis
= two or more simultaneous independent perturbations

= developing physical intuition (esp. in pm regime)
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How Does AESOP Work?

e Start with a geometric input ray
= anchor point (previous intersection point)

= direction

e Intersect with next optical surface
mput 7 = p + @ t into surface equation

= solve for geometric path t
e Calculate accumulated optical path
e Calculate surface normal vector

e Calculate output ray direction
= reflect
= refract

= diffract (HOE = Holographic Optical Element)

@ Secret for success: series expansions at crucial points in the
algebraic calculations

= perturbation parameters
= beam radius
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How Does One Use AESOP?

2

e Define the optical surfaces s(p) = P
P (v) 2f +4JAf —gp
= Mmirror
= lens
= HOE

e Perturb the optical elements
= rotations
= translations

= surface shape modifications
e Define theinputray r=p+nt
e Call raytrace()
e Calculate the OPD and the aperture-averaged OPD
e Determine misalignment tolerances

e Analyze the wavefront
= Zernike series expansion of wavefront

m jsolate individual aberration terms
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Example: A Beam Compressor

input wavefront

/III\\\\
secondary
mirror
N———
primary
mirror ~~~— | v
/\/\

output wavefront
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Example: A Beam Compressor

e Perturbations:
= |ateral translation of the primary mirror

= rotation of the primary mirror

e The OPD (i.e., the wavefront) at the detector is of the

form
_ Ve
n+m 3
A2(Cid)  Bo(C) :
2 coszk§0' 2 ( jfz_j + féj_l j/’zj
J=0 =2k
n+tm=<N, L
OPD= Y y"Am™. )
n,m=0 n+m [N1§+1 J_l
21 Dy (Cd)  E21(0)
Z cos % Z 12 + 2
=1 j=2k1

jp2j—1

n+meven

n +modd

e Aperture-averaged OPD simplifies greatly due to

symmetry.

e Zernike representation of wavefront is convenient but

complex:

> cost (S);

1605 additions + 11173 multiplications + 690 divisions + 17 functions

> cost (opd) ;

433 additions + 3710 multiplications + 187 divisions + 13 functions
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Aperture-Averaged OPD
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Classical Coma Term

OPDcoma = (3p3 —2p) cos ¢5{
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Example: A Beam Compressor

e Suppose we have just a translation. How much should
we rotate the primary to compensate for the resulting
coma?

| 75C3(3199C ~1744)d +75/(71 C+2679C% +3199.C* ~ 135-7130C3 ) |RS
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+[—10752c3f6(—139+ 118C)d — 107527 C(118 C3-289C2+142C- 2) }RZ

+143360 C3f8(-13+8C)d + 35840/ 0(41 C-89C2+2+32 03) A3

<

I

|
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e First order term is as expected

e Next correction term is cubic

e Graphic illustration:
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Aberrated Wavefront from a Misaligned Beam Compressor

e L ateral translation of primary by 10 microns...

Wavefront Error (microns)

-10

radhjg(crn) -5

1010

e ...results in ~2 microns of coma at edge of output beam

e This is bad.
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Aberrated Wavefront from a Misaligned Beam Compressor

e Compensate by rotating the primary by the magic angle:

Wavefront Error (pm)

504
OPTH0T

1501
1 -10

2004

.0
radius (cm) -5

_An10

e What's left: ~200 picometers (pm) of defocus at edge of
output beam. Residual coma is ~3 pm.
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Aberrated Wavefront from a Misaligned Beam Compressor

e |s there anything else? Let's remove all coma and
defocus terms:

Wavefront Error (fm)

-10

.0
radius (cm) -5

~1010

e Residual is ~3 femtometers of astigmatism.
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AESOP on the Web: Home Page

1+ Metzcape - [AESOP] == ] =]
File Edt “iew Go Bookmaks Options Directory  Window Help

Back I Fu:urwaru:ll Home | Feload | |mages I Open I Print I Find I Gtop I
Locatian: Ihttp:.-".f'riemann.uxnu:u.navy.mil.-’.-'-\ESDF‘;"index.html j

= AESOP

| AESOP\ An Extensible Symbolic
\x e Optics Package

Current version: 86 1023

AESOP 1s a suite of Maple procedures which allows limited symbolic ray tracing of simple
optical systems. AESOP is useful for analyzing the effects of small optical element
musalignments or other perturbations. (It is possible to melude two or more independent
perturbations. ) Specifically, wavefront aberrations and optical path vanations can be
studied as funections of the perturbation parameters. The power of this approach lies in the
fact that the results can be manipulated algebraically, allowing determination of
musalignment tolerances as well as developing physical intuition, especially in the picometer
recime of optical path length variations.

o About AESOP (9-24-96)
@ Example Files (10-22-96)

@ AESOP-Related Papers  (2-25-96)
o Sourccﬂﬁilcs (10-24-96)
@ Known Problems (10-23-96)

Note: These pages are changing rapidly right now, so check back in a week or three...

Last changed: 23 October 1996
FILLFTS R () L F ap AL LS O a vy Il

s@| | http/friemannusno. navy. mil2AE S 0PAS ourceCodeindes, html = ,ﬁ

DD_Activities.prz 14 November 6, 1996



AESOP on the Web: Source Files Page

t+ Netscape - [AESOP Source]
File Edt “ew Go Bookmarks Ophions  Directory  Window  Help

B E

Back |Forward| Horme | Heloadl Image3| Open | Print | Find | St |

Location; Ihtlp:.ﬂ'.ﬂ'riemann. uzho.hawvy.mil/AESOP/S ourceCodesindes. bl

|J|"--

] AEsob

[
1!
[

\

AESOP Source Files

N

Archives Source Help Notes

Compressed Archives

|AESOP souree files {205k zip) (10-22-96)
non-AESOP source files (27k zip — uncompress in a separate (10-22-96)
directory, or maple. hdb will get clobbered!)
|Maplc-spcciﬁc files (maple.ini, startup.p, and limit.p) (2.5k zip) |(’IG—22‘—96)
|'L T
Caesor s | Source Files
|‘_ i
'AESOP Initialization
@ aload.p Ditializes AESOP variables and reads in AESOP  |{10-3-526)
procedures.
|AESOP Primary Routines
@ interset.p |Determ1'ne ray intersection palkt on o surface. |[’ 0-26-96)
® objects.p |AESOP objects. \(10-1-96)
@ opsys.p “System operation” (i.e., top-level ray tracing) (10-2-56)
routines.
@ quadric.p |Genemre a quadric surface. |(I 0-2-96)
o reflect.p |Reﬂecr an ncident ray from a surface. |(IO—23—96)
@ surfnorm.p | Calcidate the surface normal vector at @ given ray ‘(’9—!0—96)
T rtaPn.aatT A Tt

Fi=3| |Document Done

oL
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Riemannian Dynamics

e Chaotic dynamics from a Riemannian geometry
perspective.

= Language of GR, but not looking specifically at GR.

e deas first explored by Krylov (1950) studying gas
relaxation; then by Gurzadyan and Savvidy (1984,
986) with relaxation of stellar systems. Recent work by
Casetti et al. (1990-1996) on N-body problem (large N).

e Background:
= Newtonian egs. of motion
2 i
d q N ﬁV(g) _0
dt’ oq'

= Resulting variational equations

d’¢  oV(a) . _
> T i kg =0
dt~ o0q'oq

e "spread” of trajectories

e stability
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Riemannian Dynamics

= Similarly, geodesic equations of motion
2 i ‘ j k
dq . dq’ dq _

L — 0
ds* 7 ds ds
= Resulting equations of geodesic spread - the Jacobi equation
2 7i . j m d
DY R, 440" o drler)
Ds ds ds dt
i I J

where 27— aJ +T, 4 J*

Ds ds " ds

= With the metric g, :(E —V) 0, the geometric equations are
equivalent to the Newtonian equations if the arc length is
written (g :\/E( E-V)dt

e Research Directions
= Start with restricted three-body problem (CRTB, ERTB).

= Calculate evolution of Jacobi field J for CRTB orbits.
e Numerical

e Analytical
= Concentrate on "crossover" orbits.

= Relate to Lyapunov exponent, resonance features, stability.
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CRTB Energy Manifold
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Newcomb - A New Ephemeris Program

e Why a new ephemeris program?

= Develop USNO self-sufficiency and in-house expertise.
o USNO publishes the AA.
e JPL retirements looming...
e Ephemeris program of this type will never be a "black box".

e Hence, the only way to become proficient is to write our
own program.

= [ndependent check on JPL program and PEP.

e It is quite unusual to have only 2 programs available upon
which an entire field depends.

= Existing software getting
e inflexible
e maintenance nightmare
e unfriendly and unforgiving

e not portable
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Newcomb - A New Ephemeris Program

e \X'hy a new ephemeris program? (continued)

= An object-oriented design address all of the major software
problems.

e A more natural description of real-world problems leads to
programs that are easier to write, understand, and maintain.

e Sophistication of tasks one can tackle is at least an order of
magnitude higher.

e Maintenance costs are an order of magnitude less.
e QOPs are flexible and extensible.
e A decent GUI becomes feasible.

e Portable!
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Newcomb - A New Ephemeris Program

e Science
= dG/dt

= Asteroids
e PEP: |5 self-consistent objects
e JPL: 10 self-consistent objects
® masses, finally

o effects on Mars ephemeris
= Timescale comparisons

= Discrepancy between inner & outer solar system ephemerides

e Structure overview

e Interface

DD_Activities.prz 21 November 6, 1996



Newcomb Process Overview

Figure 1. Major Processes. iteration |_
loop start |
observations module integration module

\ 4 \ 4

! : massage integrate egs. '
! observations ; : :
| observations of motion i
! reduced : {
| : ephemeris .
! observations !

A 4

form O-C calculate
residuals positions
v :
parameter parameters
adjustment pargmeter
module estimator Goreiaion
matrix
I:I process
( [ data o-Cc®
data flow eval
----» parameter feedback ©
——

process flow . .
iteration
loop end
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Newcomb Platform Class Hierarchy

Figure 2.
Platform Class
Hierarchy.

Platform

PlanetPlatform

precess
nutate

SpacecraftPlatform

]

ik

OrbiterPlatform ProbePIatform

EarthPlatform
L | 1 || class method
EarthOrbiterPlatform | ¢ ) encapsulated data

—— multiple inheritance
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Newcomb Datatype Hierarchy

Figure 3.
Observation Data ObSGNatiOnGrOUp . . .
Class Hierarchy (virtual) ——>» multiple inheritance

A

RadiaiObs

|
| OffsetObs | | TransitCircleObs | | DopplerObs | TimeDelayObs
A

A A A

RadarObs SpacecraftObs
A

| SatSatObs | | SatPlanetObs| 7 Yy
I
| OneWayDoppler | | TwoWayDoppler | || RangeRadarObs ||| LLRObs |
A A A A A

PulsarObs | DopplerRadarObs | | DiffRadarObs |

|
| OneWayDopplerSCObs | | TwoWayDopplerSCObs | | RangeSCObs
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Newcomb Parameter Adjustment Overview

Figure 4.
Parameter
Adjustment
Module.
retrieve retrieve
massaged calculated
observations ephemeris
calculate
apparent
positions
calculate O-C
quantities
statistical
characterization —>
of residuals
removal of
outliers
form the
normal
equations
solve the
normal
evaluate equations
residuals ¢
output
exit FALSE oxit TRUE
parameters
(comettons
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Newcomb GU/

NOTE: The pointer to
a child dialog box is a
button in the parent

dialog box or page.

notebook page within
a dialog box

operation
control

least squares on/off |

partials: compute or read from file|

process

convergence
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Newcomb GU/

11:04.96

Newcomb Interface page 2

5
integrations

—l parameter constraints

!

integrator items

foreach [do/don't include

| lintegrate vs. input
ephemeris

miscellaneous
-
input observations

!

radar switches | .ini file

catalog corrections | elements

parent body ephemeris|
‘ start” “stop

include GR

—

2 3
= m

position

parent body ephemeris|

orbiter ephemeris |

obs file

Mercury

probe ephemeris
obs file

|
|
|
positions \
|
|

luto

i

"phase" parameters text input area for

object names

observer bias

restart status
ephemeris

template |

template 2

read custom

save as custom
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Newcomb GU/

constants

© | physical
model

coord systems

asteroids

X

.

for each

s

input ephemeris

<_
<

dialog box
for each
planet
contains
these pages

additional
for Earth-
Moon
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Newcomb Screenshots — Main Dialog
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Newcomb Screenshots — Setup & Main

Run | Quit | Help |

Mewcomb Setup

|newcumh.ini Load | Save |

.ini files l output integrations l input obz l phipz m-:u:lel] constraints l mizc

Integrator
accuracy: |1.000000e-12

step size

h_start: |1.000000e-04
h_min: |1.000000e-07
h_max: [1.000000e-01

iIntegration Bodies:

1072441996 | 14:52
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Newcomb Screenshots — Integration Bodlies

Integration Bodies

I'-“Ieru:ur_'r'l "»-"enus] Earth ] b oo l bl ars l Jupiterl Saturnl Uranusll"«leptunel Fluto ] Other ]

Control

Mame: Mercury

[ include in integration

[ include GRB terms

Perturbers to Exclude

Input Ephemeris

JD stark:
1]

JD stop:
[

(8 integrate. no ephemeris (! read ephemeriz

|HercuulE phemeriz. dat

.ini file

Open

Elements

Epoch:

ac

e

argperi:

node:

M: |ﬂ

|I'-'I ercury.ini

102441996 | 14:52
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Newcomb Screenshots — Runtime & Main

Run | Quit | Help |

Mewcomb Buntime == E

Operation Caontrol

|

Current Status

l

Execution Set Criteria

Gol

Data Reject

Stopl

Convergence

Partial Derivatives

(8 compute | read From Ffile

[ least squares
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